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Abstract
An extreme example of nonrandom rearrangements, especially inversion breaks, is described in the polytene chromosomes of the black fly Simulium bergi Rubtsov, 1956 from Armenia and Turkey. A total of
48 rearrangements was discovered, relative to the standard banding sequence for the subgenus Simulium
Latreille, 1802. One rearrangement, an inversion (IIS-C) in the short arm of the second chromosome, was
fixed. Six (12.5%) of the rearrangements were autosomal polymorphisms, and the remaining 41 (85.4%)
were sex linked. More than 40 X- and Y-linked rearrangements, predominantly inversions, were clustered
in the long arm of the second chromosome (IIL), representing about 15% of the total complement. The
pattern conforms to a nonrandom model of chromosome breakage, perhaps associated with an underlying
molecular mechanism.
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Introduction
The sex chromosomes of the Simuliidae have commanded attention because of their
suggested role in driving speciation (Procunier 1989, Rothfels 1989, Conflitti et al.
2015), a role also noted in other groups, such as the Drosophilidae (Presgraves 2008).
Although cytologically undifferentiated sex chromosomes (X0Y0) are frequent in the
Simuliidae, the X and Y of most species in the family are identified by sex-linked rearrangements easily visible in the polytene complement, most commonly inversions, but
also heterobands, nucleolus organizer expression, and other phenomena (Post 1982,
Procunier 1982a).
Unlike the separate heteromorphic X and Y chromosomes of organisms such as
Anopheles Meigen, 1818 mosquitoes and Drosophila Fallén, 1823, any one of the three
chromosomes (I, II, or III) functions as both the X and the Y chromosome in the
Simuliidae. The simuliid sex-chromosome system, therefore, is more similar to that in
the closely related family Chironomidae in which the sex chromosomes are generally
undifferentiated, although males are sometimes distinguished by rearrangements, such
as inversions, that mark the Y chromosome (Martin 1962, Newman 1977). Often,
the linkage of rearrangements to sex in the Simuliidae is not complete, resulting in
partial sex linkage (Rothfels 1980). Within species of the Simuliidae, sex-chromosome
polymorphism is common but nearly always confined to a single chromosome (Adler
et al. 2010). These sex-linked structural phenomena are typically paracentric in the
long arm (L) or short arm (S), but also can be pericentric (Bedo 1977). Different sex
chromosomes (e.g., I versus II) typically signal the presence of separate species (Bedo
1975, Brockhouse 1985). Sex-linked chromosomal rearrangements that produce heterozygosity suppress crossing over and the accompanying risk of breaking up adaptive
complexes of sex-determination genes (Rothfels 1980, Post 1982).
Inversions often build on one another to produce elaborate sex chromosomes in a
particular arm of the Simuliidae (Rothfels 1980). Even in species or groups of species in
which the sex chromosomes are cytologically undifferentiated, the autosomal and fixed
inversions tend to be concentrated in a few arms (e.g., Post et al. 2007, Adler et al. 2015).
Simulium (Simulium) bergi Rubtsov, 1956, a black fly in the S. venustum species
group (Adler and Crosskey 2016), was described from the Lesser Caucasus of southern
Georgia (Rubtsov 1956) and later discovered in Armenia (Terteryan 1968). It was
long considered a Caucasian endemic (Chubareva and Petrova 2008) until its discovery in Ankara Province of Turkey (Crosskey and Zwick 2007). Simulium bergi, nonetheless, remains a geographically restricted, little-collected species; before our study, it
had been recorded from only three sites.
General features of the karyotype of S. bergi from Armenia have been provided,
such as the lengths of the polytene chromosomes (Chubareva and Petrova 1979). Photographs of the metaphase and the entire polytene complements and the polytene
centromere regions also have been presented (Chubareva et al. 2003, Chubareva and
Petrova 2008). We use the polytene chromosomes to explore the evolutionary relationships and cytogenetic structure of S. bergi at two sites: one in the Armenian Caucasus
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and one in eastern Turkey just beyond the western margin of the Lesser Caucasus. In
particular, we examine the unique sex-chromosome system of S. bergi, which involves
a large number of X- and Y-linked rearrangements in a restricted region of the polytene
complement, to argue in favor of a nonrandom model of chromosomal reorganization.

Material and methods
Larvae (penultimate and ultimate instars) were collected with forceps primarily from
trailing vegetation in one stream each in Armenia and Turkey (Table 1) and fixed in
1:3 acetic ethanol (modified Carnoy’s solution). Our Armenian sample of 8 larvae was
collected about 38 km south of the type locality of S. bergi in Tambovka, Akhalkalaki
District, Georgia. Our Turkish sample of 30 larvae was collected about 105 km southwest of the type locality. The two sampling sites were less than 90 km apart. Larvae
were identified morphologically using the keys and descriptions of Rubtsov (1956) and
Terteryan (1968); identifications were confirmed chromosomally using the photomap
of the complement presented by Chubareva and Petrova (2008).
The posterior portion of each larval abdomen was removed and processed for Feulgen staining, following procedures of Rothfels and Dunbar (1953), but using 5N HCl
at room temperature (Charalambous et al. 1996). One gonad and both salivary glands
containing nuclei with the stained polytene chromosomes were dissected out with fine
needles, placed in a drop of 50% acetic acid, and spread under a coverslip, with thumb
pressure. Larval gender was determined by gonadal shape—slender and elongated in
females and rounded in males—and confirmed cytologically by absence (females) or
presence (males) of meiotic clusters.
The chromosomal banding sequences of all stained larvae were compared with maps
of the standard reference sequence for the subgenus Simulium. For this comparison,
we used the standard maps of Rothfels et al. (1978) for the IS, IL, IIL, and IIIS arms
and of Adler et al. (2016) for the IIS and IIIL arms. Newly discovered inversions were
numbered in order of discovery, following the last numbered inversion of Rothfels et al.
(1978) for IS and IIIL and of Huang et al. (2011) for IIL. Heterobands (hb)—thickened bands (with enhanced DNA content) relative to the corresponding bands in the
standard sequence—and thicker blocks of condensed chromatin, or heterochromatin
(hc), not ascribable to a visible band were named for the section in which they occurred.
Fixed rearrangements are italicized; all other rearrangements are not. Only chromosome
Table 1. Collection sites for larvae of Simulium bergi used in chromosomal analyses.
Country

Location

ARMENIA

Shirak Province,
Saragyugh

TURKEY

Kars Province, Bogatepe

Latitude Elevation
Collection Date Females: Males
Longitude
(m asl)
41°08.51'N,
ca. 2150
14 June 2002
5:3
43°50.05'E
40°48.37'N,
ca. 2200
07 June 2015
13:17
42°53.37'E
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arms with polymorphic rearrangements are shown in our figures (i.e., IS, IIL, and IIIL);
other arms are identical to the sequences for the Simulium venustum group, including
the fixed sequence in IIS, previously presented by Rothfels et al. (1978) and Chubareva
and Petrova (2008). Thus, chromosomes IS, IIL, and IIIL of larvae collected in Turkey
were photographed under oil immersion on an Olympus BX40 compound microscope.
Chromosomal maps were constructed by scanning photographic negatives, with a 9000F
Mark II CanoScan, and importing the images into Adobe® PhotoShop® Elements 8. All
chromosomal rearrangements then were marked on the photographic maps to indicate
their precise locations and breakpoints.
We identified the sex chromosome of S. bergi, based on a preponderance of one
or more chromosomal rearrangements in one sex. We then followed the banding
sequence of the homologue with the sex-linked rearrangement(s) to determine if
additional rearrangements were on the same (cis) or a different (trans) homologue.
In the heterogametic sex—the male (XY)—determination of linkage was complicated by heterozygosity. Thus, twisting and overlapping homologues sometimes
could not be followed adequately to determine if two rearrangements were cis or
trans; in these cases, X or Y linkage could not be resolved. Because females were
the homogametic sex (XX), we inferred that any rearrangement in the IIL arm of
females was X linked.
Stained and unstained portions of two Armenian larvae (and two pupae) and
some larvae from Turkey were transferred to 80% ethanol and deposited in the Clemson University Arthropod Collection, South Carolina, USA, along with all photographic negatives of chromosomes. The majority of Armenian and Turkish larvae
were placed in the Department of Parasitology, Erciyes University, Turkey, for future
molecular analysis.

Results
General features. The banding sequences of all 38 larvae (18 females, 20 males) of S.
bergi were analyzed completely. The general features of the polytene complement conformed to the photograph by Chubareva and Petrova (2008). All larvae had the typical
n = 3 haploid complement, with submetacentric chromosomes, and the lengths expressed as I > II ≈ III. Homologues were tightly paired (Figs 1–3). A chromocenter and
supernumerary chromosomes were absent. Ectopic pairing of centromeres occurred
in 0–20% of the nuclei of each larva. Centromere bands were diffuse and within expanded regions; the CI region (Fig. 1) was the most expanded, followed by the CII and
then the CIII regions. The nucleolar organizer was in the standard subgeneric position
in the base of IIIL at the junction of sections 87 and 88.
Fixed inversions. The fundamental banding sequence common to all larvae was
derived from the standard subgeneric sequence by a single fixed inversion, IIS-C (sensu
Rothfels et al. 1978), which reversed the ring of Balbiani and the “bulges” marker. The
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Figure 1. Chromosome arm IS of Simulium bergi (male larva), representing the Simulium subgeneric
standard. Limits of two autosomal inversions and a puff are indicated with brackets on the standard sequence. CI = centromere of chromosome I.

IIS sequence, therefore, was identical to that in figure 11 of Rothfels et al. (1978) and
figure 210 of Chubareva and Petrova (2008).
Autosomal polymorphisms. Six autosomal polymorphisms were discovered
(Table 2): IS-17, IS-18, IIIL-10, one puffed band in IS (Figs 1, 3), and two heterobands in IL. All six of these rearrangements occurred only once each and only in
the heterozygous condition, except IIIL-10 (Fig. 3), which was found in 29% of all
larvae, including homozygously in one Armenian larva. IIIL-10, was shared between
Armenian and Turkish populations, although its frequency was significantly greater
in Armenia (χ2 = 11.9, df = 1, p = 0.001).
Sex chromosomes. IIL was inferred as the sex arm in the Turkish population
(Table 3), based on inversion IIL-22 (Figs 2, 4A), which appeared exclusively in the
heterozygous condition in 76.5% of the 17 males and in none of the 13 females; no
IIL-22 homozygotes were found. We tentatively consider IIL as the sex arm in the
Armenian population where 1 of the 3 Armenian males had IIL-22, although a larger
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Figure 2. Composite map of chromosome arm IIL of Simulium bergi (female larva), representing the
Simulium subgeneric standard. Breakpoints of sex-linked inversions are indicated with brackets or arrows.
Ordering the two independent sets of chromosome fragments indicated by the letters “a” through “h”
will produce the inverted sequence for IIL-39,40 and IIL-49,50. CII = centromere of chromosome II, hc
= insertion point for heterochromatic block, Pb = parabalbiani, 2ºNO = location of secondary nucleolar
organizer, * = insertion point for 7 additional bands (only when IIL-41 is present).
Table 2. Frequency of homologues with autosomal rearrangements in two populations of Simulium bergi.
Larvae (n)
Homologues (n)
IS-17†
IS-18
IS-puff(13)
IL-hb26
IL-hb(telomere)
IIIL-10

ARMENIA
8
16
0.00
0.06
0.06
0.06
0.00
0.44

TURKEY
30
60
0.02
0.00
0.00
0.00
0.02
0.08

Left column represents autosomal rearrangements, all of which are indicated on Figs 1, 3; frequencies
are based on a maximum of 1.00.
†
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Figure 3. Distal half of chromosome IIIL of Simulium bergi (female larva), representing the Simulium
subgeneric standard. Limits of autosomal inversion IIIL-10 are indicated with a bracket on the standard
sequence; cs = cup and saucer marker.

Figure 4. Chromosome arm IIL of male larvae of Simulium bergi. A Distal half of chromosome, showing
heterozygous expression of the common Y-linked inversion IIL-22 B Complex sex-chromosome configuration, showing one homologue with IIL-39,40 and the other with IIL-41,52+hc71+7 extra bands; hc =
heterochromatic block, Pb = parabalbiani, * = 7 additional bands inserted in one homologue.

sample is needed to test the hypothesis of Y linkage. Our combined sample of 38
larvae included 41 rearrangements in IIL (Fig. 2). All 38 larvae were heterozygous
for at least one rearrangement in IIL. By following the homologue with IIL-22, we
established that this inversion was on the same homologue as four other inversions
(IIL-23, IIL-34, IIL-43, and IIL-56); these inversions, therefore, also were linked to
the Y chromosome. More than 20 rearrangements were linked to the X chromosome.
An X chromosome (X0) with no rearrangements occurred in both Armenia and Turkey. Of 41 rearrangements in IIL, 16 (all in males) could not be determined as linked
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Table 3. Number of larvae with each sex-linked rearrangement in two populations of Simulium bergi.

Females: Males
IIL-21‡
IIL-22
IIL-23
IIL-24
IIL-25
IIL-26
IIL-27
IIL-28
IIL-29
IIL-30
IIL-31
IIL-32
IIL-33
IIL-34
IIL-35
IIL-36
IIL-37
IIL-38
IIL-39
IIL-40
IIL-41
IIL-42
IIL-43
IIL-44
IIL-45
IIL-46
IIL-47
IIL-48
IIL-49
IIL-50
IIL hc71
IIL extra bands|
IIL-51
IIL-52
IIL-53
IIL-54
IIL-55
IIL-56
IIL hc70

Armenia
5:3
1
1

3

1
1
1
1
2
1

Turkey
13:17
1
13
3
2
2
2
1
3
2
4
2
1
1
2
1
1
1
1
2
1
1
1
3
1
1
1
1
1
1
1
1
1
1

X or Y Linked†
–
Y
X, Y§
X
X

X
X

X
Y
X
X
X

X
X, Y
X

X
X

X
Y
X
X
X
Y
X
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IIL hc70/71
IIL 2ºNO

Armenia
1
1

Turkey
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X or Y Linked†
X
X

An empty cell indicates that X or Y linkage of the rearrangement could not be determined.
Left column represents sex-linked chromosomal rearrangements in the IIL arm, all of which are indicated on Figs 2, 4; frequencies are based on a maximum of 1.00.
§
IIL-23 was in cis conformation with IIL-22 in Armenia, where we tentatively consider IIL-22 to be Y
linked, based on only 3 males available for study. IIL-23 was associated with the X chromosome in Turkey.
|
Seven extra bands appeared in one homologue at the junction of sections 66/70 created by IIL-41; the
same homologue had IIL-52 and IIL hc71, and the opposite homologue had IIL-39,40 (Fig. 4B).
†
‡

Figure 5. Distribution of breakpoints of 36 sex-linked inversions in the IIL arm of Simulium bergi. Breakpoints are plotted according to section number of the standard banding sequence for the subgenus Simulium.
Breakpoints falling at the junction of two sections are tallied for the distalmost of the two sections.

to either the X or the Y, including one larva with the most complex set of rearrangements (IIL-39,40 on one homologue and IIL-41,52+hc71+7 extra bands on the other
homologue; Fig. 4B). Four IIL rearrangements (IIL-22, IIL-23, IIL-30, and IIL-44)
were shared between Armenia and Turkey. The concentration of 36 inversions in IIL
involved some pairs, such as IIL-35 and IIL-47, that differed by only one or two visible bands. The distribution of breakpoints for the sex-linked inversions followed a
bimodal distribution, with a nearly normally distributed central cluster and a smaller
subterminal cluster (Fig. 5).
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Discussion
Chromosomal insights into taxonomy. We consider our Armenian and Turkish populations of S. bergi conspecific, based on shared chromosomal characters, viz., the entire fixed banding sequence, autosomal polymorphism IIIL-10, and four sex-linked inversions. Rearrangements unique to Armenia or Turkey probably reflect, in large part,
small sample sizes. We would not expect restricted gene flow, given the flight capabilities of simuliids (Adler et al. 2005) and the short distance (< ca. 100 km), availability
of appropriate breeding habitats, and similar elevations between our two sampling sites
and between either of our two sampling sites and the type locality in southern Georgia.
These three sites also are in the same ecoregion, the Eastern Anatolian Montane Steppe
(World Wildlife Fund 2015). We, therefore, suggest that our populations are conspecific with the type specimen. Conspecificity with more distant populations is unknown. The only insight comes from a photograph of the total polytene complement
of S. bergi collected from the Argichi River about 165 km southeast of our Armenian
site (Chubareva and Petrova 2008). It shows the standard subgeneric banding sequence
in chromosomes I and III and the C sequence in IIS. IIL is standard, although sections
68–69 (= sections 26–27 on the map of Chubareva and Petrova 2008) appear knotted
and might have either an extra block of heterochromatin expressed heterozygously or
a small inversion that cannot be interpreted.
The presence of IIS-C chromosomally confirms the original (Rubtsov 1956) morphological placement of S. bergi in the S. venustum species group. Of the 18 nominal species in
the S. venustum group analyzed chromosomally (Adler and Crosskey 2015), S. bergi is the
least differentiated—only one inversion (IIS-C) removed from the subgeneric standard.
However, one other analyzed member of the group, S. paramorsitans Rubtsov, 1956, also
has a fixed banding sequence (Adler et al. 1999) identical to that of S. bergi. The two species are, therefore, homosequential (sensu Carson et al. 1967); that is, they have the same
fixed chromosomal banding sequence but differ morphologically, especially in their larval
head patterns, as shown by Rubtsov (1956). Although their fixed sequences are identical, S. paramorsitans and S. bergi are at opposite extremes in the differentiation of their
sex chromosomes: undifferentiated in the former (Adler unpublished) and highly diverse
in the latter. Other Palearctic members of the S. venustum group, such as S. longipalpe
Beltyukova, 1955 (formerly S. curvistylus Rubtsov, 1957), S. morsitans Edwards, 1915,
S. posticatum Meigen, 1838, and S. rubtzovi Smart, 1945 (Adler et al. 1999), show only
slight fixed chromosomal differentiation from Simulium bergi. The absence of any shared
chromosomal rearrangement, other than IIS-C, with other members of the S. venustum
group precludes determination of the species most closely related to S. bergi.
Chromosomal fragility in the sex arm. Simulium bergi represents the most extreme
known case of sex-chromosome differentiation in the Simuliidae, with 41 sex-linked
rearrangements discovered on IIL (i.e., the sex arm) among 38 larvae. IIL distal to section 58, thus, is an area of rearrangement hotspots, particularly in the central region of
the arm. This area of fragility includes sets of mimic inversions, two or more sequence
reversals that resemble one another, differing by as little as one band (Rothfels 1989).
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Widespread species can exhibit a significant cumulative degree of sex-chromosome
polymorphism over their entire geographical distribution, with inversions often replacing one another across the distribution (e.g., S. vittatum, Zetterstedt 1838; Rothfels
1980). Typically, however, the number of sex-linked rearrangements is more limited
within a population, often to a single example, linked either to the X or the Y (Adler
et al. 2016). Yet, examples of multiple sex-linked rearrangements in a single population are not uncommon. Two cytoforms (‘A’ and ‘D’), probably cryptic species, of S.
colombaschense (Scopoli, 1780), each exhibits sex-chromosome polymorphism within
a population at one river site; ‘A’ has 4 X-linked and 1 Y-linked inversions at a single
site, and ‘D’ has 4 X-linked and 4 Y-linked inversions (Adler et al. 2016). Simulium
conundrum Adler, Currie & Wood, 2004 (formerly S. tuberosum ‘FGH’) at a single site
in Newfoundland has 4 Y-linked inversions but no X-linked inversions (McCreadie
et al. 1995). In contrast, the number of rearrangements, per geographic site, linked
to sex in S. bergi is extraordinary. A single Y-linked inversion (IIL-22), nonetheless,
forms the backbone of the sex-chromosome system, occurring in 76% of Turkish and
33% of Armenian male larvae. The X chromosome is indiscriminate in its sex-linked
rearrangements; none of the 20 or more rearrangements is represented in more than 4
(22%) of the 18 total female larvae.
In species with multiple rearrangements linked to sex, the sex-differential region
tends to become progressively enlarged (Rothfels 1980). In the S. ochraceum species
complex from Central America, for example, 2 X chromosomes and 6 Y chromosomes
are found in populations of S. ochraceum ‘A’. Sex linkage in this species involves not
only inversions along the entire IIL arm, but also a supernumerary band polymorphism (Hirai et. al. 1994). By contrast, Cnephia dacotensis (Dyar & Shannon, 1927)
is one of the few species that shows sex-differential regions spanning the centromere
region, and is unique in that the sex chromosomes involve only polymorphic bands
in chromosome I (Procunier 1975, 1982b). Simulium bergi shows a concentration of
inversions between sections 60 and 65, with additional, albeit fewer, inversions breaking beyond this segment.
At least two inversions, IIL-23 and IIL-43, were linked predominantly to the X,
but in one larva each, they were linked to the Y. Sex exceptions in the Simuliidae are
frequent (e.g., Rothfels & Featherston 1981). They have been considered ancestral relicts, the result of crossing over, or products of transposable element excision (Rothfels
1980, Brockhouse 1985, Bedo 1989).
The concentration of inversions in particular areas of the macrogenome, such as the
IIL arm of S. bergi, emphasizes that inversions are not random. Inversion concentrations
have been known and easily visualized for decades in the polytene chromosomes of dipterans (e.g., Novitski 1946, Rothfels and Fairlie 1957) including the Simuliidae (Landau
1962). Yet, a random model was invoked for many years to explain two-break chromosomal rearrangements, such as inversions, at least in mammalian systems (Nadeau and
Taylor 1984). Nonrandom models to explain inversion clusters have been proposed, such
as the stress-in-pairing model (Rothfels and Fairlie 1957) and fragile breakage model
(Bailey et al. 2004), the latter based on mammalian chromosomes that do not offer the
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polytene benefit of detailed visualization. Repair of breaks depends on multiple factors,
such as chromosome position (Lee et al. 2016). Breakage in chironomid midges has been
hypothesized to occur preferentially in areas of the complement containing repetitive
blocks of DNA (Bovero et al. 2002). In Anopheles mosquitoes, the X chromosome, which
has accumulated inversions about three times more rapidly than have the autosomes, is
associated with high densities of transposable elements and satellites, suggesting a possible
mechanism for the origin of inversions (Sharakhov et al. 2016). Transposable elements
have been invoked to explain the presence of multiple sex-determining regions in species
of the Simuliidae, although direct evidence is still wanting and alternative models have
been considered (Procunier 1982b, Bedo 1984, Brockhouse 1985). In support of a nonrandom model is the association of high G+C regions with areas of high-frequency breakage (Webber and Ponting 2005). Also relevant to general genome organization is the
finding that AT-rich (heterochromatic) polytene bands of the Simulium vittatum complex are randomly dispersed throughout the complement (Procunier and Smith 1993).
We draw attention not only to clustered inversions in the distal three-quarters
of the IIL sex arm, but also to the clustering of other rearrangements. Five structural
phenomena, other than inversions, such as heterochromatic blocks, are found in the
sex arm (15% of the polytene complement) compared with three in the autosomal
portion (85% of the complement). If the pattern is consistent, it suggests that models
accounting for increased inversion frequency also should accommodate the increased
frequency of nonbreak-type rearrangements, such as the addition of heterochromatin.
The functions of heterochromatin are varied and include suppression of recombination
(Grewal and Jia 2007), potentially contributing to the maintenance of blocks of genes
related to sex determination.
What is not known is whether a particular area of the complement—the IIL arm
of S. bergi, for example—is more susceptible to breakage or if the breaks that occur are
more likely to persist through subsequent generations, or if both phenomena play a
role. Also unknown is whether a visualized break shared by two or more inversions is
equivalent at the level of the base pairs. This question can be addressed through molecular characterization of the distal and proximal breakpoint sequences (Sharakhov et
al. 2006). Simulium bergi offers an exceptional case for exploring the molecular nature
of chromosomal breaks and other rearrangements related to the sex chromosomes,
while affording a physical map of the phenomenon.

Acknowledgements
We thank J. Martin, P. Michailova, W.S. Procunier, and an anonymous reviewer for
helpful comments on the manuscript. This work was funded, in part, by National
Science Foundation award DEB-0933218 (MIDGEPEET: A Collaborative Effort to
Increase Taxonomic Expertise in Understudied Families of Nematocerous Diptera),
and the Erciyes University Scientific and Technological Research Center Project TSA2015-6011. Support for collecting the sample in Armenia was provided by the Civilian

Rearrangement hotspots in the sex chromosome of the Palearctic black fly...

307

Research and Development Foundation to PHA and the late E. A. Kachvoryan. This
is Technical Contribution No. 6418 of the Clemson University Experiment Station,
based in part on work supported by NIFA/USDA under project number SC-1700433.

References
Adler PH, Crosskey RW (2015) Cytotaxonomy of the Simuliidae (Diptera): a systematic and
bibliographic conspectus. Zootaxa 3975: 1–139. doi: 10.11646/zootaxa.3975.1.1
Adler PH, Crosskey RW (2016) World blackflies (Diptera: Simuliidae): a comprehensive revision of the taxonomic and geographical inventory [2016], 126 pp. http://www.clemson.
edu/cafls/biomia/pdfs/blackflyinventory.pdf [accessed 17 May 2016]
Adler PH, Malmqvist B, Zhang Y (1999) Black flies (Diptera: Simuliidae) of northern Sweden:
taxonomy, chromosomes, and bionomics. Entomologica Scandinavica 29: 361–382. doi:
10.1163/187631298X00014
Adler PH, Giberson DJ, Purcell LA (2005) Insular black flies (Diptera: Simuliidae) of North
America: tests of colonization hypotheses. Journal of Biogeography 32: 211–220. doi:
10.1111/j.1365-2699.2004.01156.x
Adler PH, Cheke RA, Post RJ (2010) Evolution, epidemiology, and population genetics of
black flies (Diptera: Simuliidae). Infection, Genetics and Evolution 10: 846–865. doi:
10.1016/j.meegid.2010.07.003
Adler PH, Inci A, Yildirim A, Duzlu O, McCreadie JW, Kúdela M, Khazeni A, Brúderová T,
Seitz G, Takaoka H, Otsuka Y, Bass J (2015) Are black flies of the subgenus Wilhelmia
(Diptera: Simuliidae) multiple species or a single geographical generalist? Insights from
the macrogenome. Biological Journal of the Linnean Society 114: 163–183. doi: 10.1111/
bij.12403
Adler PH, Kúdelová T, Kúdela M, Seitz G, Ignjatović-Ćupina A (2016) Cryptic biodiversity
and the origins of pest status revealed in the macrogenome of Simulium colombaschense
(Diptera: Simuliidae), history’s most destructive black fly. PLoS ONE 11(1): e0147673.
doi: 10.1371/journal.pone.0147673
Bailey JA, Baertsch R, Kent WJ, Haussler D, Eichler EE (2004) Hotspots of mammalian chromosomal evolution. Genome Biology 5(4): R23, 7 pp. doi: 10.1186/gb-2004-5-4-r23
Bedo DG (1975) Polytene chromosomes of three species of blackflies in the Simulium pictipes
group (Diptera: Simuliidae). Canadian Journal of Zoology 53: 1147–1164. doi: 10.1139/
z75-134
Bedo DG (1977) Cytogenetics and evolution of Simulium ornatipes Skuse (Diptera: Simuliidae).
I. Sibling speciation. Chromosoma 64: 37–65. doi: 10.1007/BF00292888
Bedo DG (1989) A cytological study of Simulium ruficorne (Diptera: Simuliidae) and its relationship to the S. ornatipes species complex. Genome 32: 570–579. doi: 10.1139/g89-484
Bovero S, Hankeln T, Michailova P, Schmidt E, Sella G (2002) Nonrandom chromosomal distribution of spontaneous breakpoints and satellite DNA clusters in two geographically distant
populations of Chironomus riparius (Diptera: Chironomidae). Genetica 115: 273–281. doi:
10.1023/A:1020697228525

308

Peter H. Adler et al. / Comparative Cytogenetics 10(2): 295–310 (2016)

Brockhouse C (1985) Sibling species and sex chromosomes in Eusimulium vernum (Diptera:
Simuliidae). Canadian Journal of Zoology 63: 2145–2161. doi: 10.1139/z85-316
Carson HL, Clayton FE, Stalker HD (1967) Karyotypic stability and speciation in Hawaiian
Drosophila. Proceedings of the National Academy of Sciences USA 57: 1280–1285. doi:
10.1073/pnas.57.5.1280
Charalambous M, Shelley AJ, Maia Herzog M, Luna Dias APA (1996) Four new cytotypes of
the onchocerciasis vector blackfly Simulium guianense in Brazil. Medical and Veterinary
Entomology 10: 111–120. doi: 10.1111/j.1365-2915.1996.tb00716.x
Chubareva LA, Petrova NA (1979) Basic characteristics of blackfly karyotypes (Diptera, Simuliidae) in the world fauna. In: Skarlato OA (Ed.) Kariosistematika bespozvonochnykh zhivotnykh [Karyosystematics of the invertebrate animals]. Akademiya Nauk SSSR, Leningrad
[St. Petersburg], Russia, 58–95. [In Russian]
Chubareva LA, Petrova NA (2008) Tsitologicheskie karty politennykh khromosom i nekotorye
morfologicheskie osobennosti krovososushchikh moshek Rossii i sopredel’nykh stran (Diptera: Simuliidae): atlas [cytological maps of polytene chromosomes and some morphological
features of bloodsucking black flies of Russia and adjacent countries (Diptera: Simuliidae):
atlas]. Tovarishchestvo Nauchnykh Izdanii KMK, St. Petersburg. [In Russian]
Chubareva LA, Petrova NA, Kachvoryan EA (2003) Morphological diversity of centromere regions in polytene chromosomes of blackflies (Diptera, Simuliidae). Tsitologiya 45: 368–376.
[In Russian with English summary]
Conflitti IM, Shields GF, Murphy RW, Currie DC (2015) The speciation continuum: ecological and chromosomal divergence in the Simulium arcticum complex (Diptera: Simuliidae).
Biological Journal of the Linnean Society 115: 13–27. doi: 10.1111/bij.12480
Crosskey RW, Zwick H (2007) New faunal records, with taxonomic annotations, for the blackflies of Turkey (Diptera, Simuliidae). Aquatic Insects 29: 21–48. doi: 10.1080/01650
420701213853
Grewal SIS, Jia S (2007) Heterochromatin revisited. Nature Reviews Genetics 8: 35–46. doi:
10.1038/nrg2008
Hirai H, Procunier WS, Ochoa JO, Uemoto K (1994) A cytogenetic analysis of the Simulium
ochraceum species complex (Diptera: Simuliidae) in Central America. Genome 37: 36–53.
doi: 10.1139/g94-006
Huang YT, Adler PH, Takaoka H (2011) Polytene chromosomes of Simulium arakawae, a pest
species in the Simulium venustum species group (Diptera: Simuliidae) from Japan. Tropical Biomedicine 28: 376–381. http://www.msptm.org/files/376_-_381_Huang_Y_T.pdf
Landau R (1962) Four forms of Simulium tuberosum (Lundstr.) in southern Ontario: a salivary
gland chromosome study. Canadian Journal of Zoology 40: 921–939. doi: 10.1139/z62-082
Lee C-S, Wang RW, Chang H-H, Capurso D, Segal MR, Haber JE (2016) Chromosome
position determines the success of double-strand break repair. Proceedings of the National
Academy of Sciences USA 113: E146–E154. doi: 10.1073/pnas.1523660113
Martin J (1962) Interrelation of inversion systems in the midge Chironomus intertinctus (Diptera: Nematocera). I. A sex-linked inversion. Australian Journal of Biological Sciences 15:
666–673.

Rearrangement hotspots in the sex chromosome of the Palearctic black fly...

309

McCreadie JW, Adler PH, Colbo MH (1995) Community structure of larval black flies (Diptera: Simuliidae) from the Avalon Peninsula, Newfoundland. Annals of the Entomological
Society of America 88: 51–57. doi: 10.1093/aesa/88.1.51
Nadeau JH, Taylor BA (1984) Lengths of chromosomal segments conserved since divergence
of man and mouse. Proceedings of the National Academy of Sciences USA 81: 814−818.
doi: 10.1073/pnas.81.3.814
Newman LC (1977) Chromosomal evolution of the Hawaiian Telmatogeton (Chironomidae,
Diptera). Chromosoma 64: 349−369. doi: 10.1007/bf00294943
Novitski E (1946) Chromosome variation in Drosophila athabasca. Genetics 31: 508–524.
Post RJ (1982) Sex-linked inversions in blackflies (Diptera: Simuliida). Heredity 48: 85–93.
doi: 10.1038/hdy.1982.9
Post RJ, Mustapha M, Krüger A (2007) Taxonomy and inventory of the cytospecies and cytotypes of the Simulium damnosum complex (Diptera: Simuliidae) in relation to onchocerciasis. Tropical Medicine and International Health 12: 1342–1353. doi: 10.1111/j.13653156.2007.01921.x
Presgraves DC (2008) Sex chromosomes and speciation in Drosophila. Trends in Genetics 24:
336–343. doi: 10.1016/j.tig.2008.04.007
Procunier WS (1975) A cytological study of two closely related blackfly species: Cnephia dacotensis and Cnephia ornithophilia (Diptera: Simuliidae). Canadian Journal of Zoology 53:
1622–1637. doi: 10.1139/z75-196
Procunier WS (1982a) A cytological description of 10 taxa in Metacnephia (Diptera: Simuliidae).
Canadian Journal of Zoology 60: 2852–2865. doi: 10.1139/z82-364
Procunier WS (1982b) A cytological study of species in Cnephia s. str. (Diptera: Simuliidae).
Canadian Journal of Zoology 60: 2866–2878. doi: 10.1139/z82-365
Procunier WS (1989) Cytological approaches to simuliid biosystematics in relation to the epidemiology and control of human onchocerciasis. Genome 32: 559–569. doi: 10.1139/g89-483
Procunier WS, Smith JJ (1993) Localization of ribosomal DNA in Rhagoletis pomonella (Diptera: Tephritidae) by in situ hybridization. Insect Molecular Biology 2: 163–174. doi:
10.1111/j.1365-2583.1993.tb00136.x
Rothfels KH (1980) Chromosomal variability and speciation in blackflies. In: Blackman RL,
Hewitt GM, Ashburner M (Eds) Insect cytogenetics. Symposium of the Royal Entomological
Society of London, Volume 10, Blackwell Scientific Publications, Oxford, England, 207–224.
Rothfels K (1989) Speciation in black flies. Genome 32: 500–509. doi: 10.1139/g89-475
Rothfels KH, Dunbar RW (1953) The salivary gland chromosomes of the black fly Simulium
vittatum Zett. Canadian Journal of Zoology 31: 226–241. doi: 10.1139/z53-020
Rothfels KH, Fairlie TW (1957) The non-random distribution of inversion breaks in the
midge Tendipes decorus. Canadian Journal of Zoology 35: 221–263. doi: 10.1139/z57-019
Rothfels K, Featherston D (1981) The population structure of Simulium vittatum (Zett.): the IIIL‑1
and IS‑7 sibling species. Canadian Journal of Zoology 59: 1857–1883. doi: 10.1139/z81-255
Rothfels K, Feraday R, Kaneps A (1978) A cytological description of sibling species of Simulium venustum and S. verecundum with standard maps for the subgenus Simulium Davies
[sic] (Diptera). Canadian Journal of Zoology 56: 1110–1128. doi: 10.1139/z78-155

310

Peter H. Adler et al. / Comparative Cytogenetics 10(2): 295–310 (2016)

Rubtsov IA (1956) Blackflies (fam. Simuliidae) [Moshki (sem. Simuliidae)]. Fauna of the
USSR. New Series No. 64, Insects, Diptera 6 (6). Akademii Nauk SSSR, Moscow &
Leningrad [= St. Petersburg], Russia. [In Russian; English translation: 1990. Blackflies
(Simuliidae). 2nd ed. Fauna of the USSR. Diptera, 6 (6). E. J. Brill, Leiden.].
Sharakhov IV, White BJ, Sharakhova MV, Kayondo J, Lobo NF, Santolamazza F, della Torre
A, Simards F, Collins FH, Besansky NJ (2006) Breakpoint structure reveals the unique
origin of an interspecific chromosomal inversion (2La) in the Anopheles gambiae complex.
Proceedings of the National Academy of Sciences, USA 103: 6258–6262. doi: 10.1073/
pnas.0509683103
Sharakhov IV, Artemov GN, Sharakhova MV (2016) Chromosome evolution in malaria mosquitoes inferred from physically mapped genome assemblies. Journal of Bioinformatics
and Computational Biology 14: 1630003. 17 pp. doi: 10.1142/S0219720016300033
Terteryan AE (1968) Fauna of Armenia USSR. Black flies (Simuliidae). Armenian Academy of
Science, Yerevan. [In Russian]
Webber C, Ponting CP (2005) Hotspots of mutation and breakage in dog and human chromosomes. Genome Research 15: 1787–1797. doi: 10.1101/gr.3896805
World Wildlife Fund (2015) Wildfinder. http://worldwildlife.org/science/wildfinder/ [accessed
24 November 2015]

